Abstract: We investigate the spectral linewidth and relative intensity noise (RIN) of an all-fiber single-frequency polarization-maintained master oscillator and power amplifier at 1925 nm. It is found that the linewidth of the fiber amplifier is related to the power ratio of signal laser to accumulated amplified stimulated emission noises. A 3-dB linewidth of 56 kHz is measured at a maximum output power of 45 W, resulting to a linewidth broadening of 20 kHz compared to the 36-kHz linewidth of the seed laser. The RINs of the preamplifier and the power amplifier are measured to be −108 and −90 dBm/Hz at the relaxation frequency, respectively.
Introduction
Scholars have paid more attention to high-power single-frequency linearly polarized fiber lasers due to their applications in laser nonlinear frequency conversion, coherent light detection and ranging, high resolution spectroscopy, high-speed coherent communication, and so on [1] - [4] . Up to now, single-frequency fiber lasers with high-power output operating in 1-m, 1.5-m; and 2-m ranges, have already been achieved by employing all-fiber-based double-cladding pump technology via master-oscillation power-amplifier (MOPA) system [5] - [8] . However, Tm-doped fiber (TDF) lasers have drawn more attention for their large tunable spectral range from ∼1660 nm to ∼2100 nm around 2 m [9] , [10] . In addition, owing to the cross-relaxation processes between Tm3+ ions, the quantum efficiency of a TDF laser can be up to 200% when it is pumped at 790 nm [11] . Moreover, it can also provide higher conversion efficiency for the generation of terahertz [12] .
In some cases, such as high power spectroscopy and difference frequency for the generation of narrow linewidth terahertz, it is necessary that the polarization-maintained (PM) output signal from fiber amplifier should have a narrow linewidth. The relative intensity noise (RIN) is also a significant parameter to characterize the optical signal intensity ability. A lower intensity noise is required in the cases, such as high-speed digital system with low bit-error rate. Therefore, it is necessary to measure and analyze the linewidth and RIN of the single-frequency amplified fiber laser [3] . Though many high-power single-frequency PM Tm-doped fiber amplifiers (TDFAs) have been reported, the linewidth and RIN of the output signals have never been investigated.
In this paper, we experimentally realize an all-fiber format thulium-based single-frequency MOPA system using a 1925-nm short-cavity single-frequency PM fiber laser as the seed. The maximum output power is 45 W with a polarization extinction ratio (PER) about 20 dB. In the experiment, we measure the Lorentzian line-shape linewidths of the output signals with different powers using the delayed self-heterodyne (DSH) method. It indicates that the linewidth is affected by the power ratio of signal laser to accumulated amplified stimulated emission noises. At the maximum power, the 3-dB linewidth of the laser from the power amplifier is measured to be about 56 kHz, having the amount of broadening to be about 20 kHz compared with the incident seed. In addition, a RIN of −90 dBm/Hz is measured at the maximum output power and has a frequency-shift compared with the pre-amplifiers due to the change of the lifetime of the photon in the power amplifier.
Experimental Setup

MOPA System
The all-fiber thulium-based high-power single-frequency PM MOPA system is shown in Fig. 1 . The seed is a short-cavity single-frequency fiber laser with a maximum average output power of 30 mW, linewidth of ∼35 kHz, RIN of −117 dBm/Hz, and central wavelength at 1925.08 nm.
In the pre-amplifier I, a 2-m-long single mode 10/130 (diameter of core and cladding) PM doublecladding (DC) TDF is pumped by a 793 nm fiber-pigtailed multimode diode through a PM ð2 þ 1Þ Â 1 combiner in co-propagating pumping scheme. The cladding absorption efficiency at 793 nm and the numerical aperture (NA) of this DC active fiber are 4.7 dB/m and 0.15/0.46 (core/cladding), respectively. A PM fiber based isolator (ISO) is spliced between the seed and the combiner to protect the short-cavity seed laser by blocking the backward light. After the amplification in the pre-amplifier I, the output signal power can reach 2 W with pump power of 9.5 W.
The active fiber used in the pre-amplifier II is also a 2-meter-long 10/130 TDF, which is pumped by using two 793 nm fiber-pigtailed multimode diodes via a PM ð2 þ 1Þ Â 1 combiner, as shown in Fig. 1 . Similarly, a PM fiber based isolator is inserted between the combiner and the pre-amplifier I to block the backward light. The signal power can be boosted to 7 W with pump power of 20 W in this stage.
The amplified signal from the pre-amplifier II is coupled into the signal port of a PM ð6 þ 1Þ Â 1 combiner via a high-power PM circulator. The second port of the circulator is spliced to a Fiber Bragg grating (FBG) with a 3-dB bandwidth of 0.5 nm centered at 1925 nm, which is used to filter the amplified spontaneous emission (ASE) generated in the previous pre-amplifiers. A homemade cladding mode stripper (CMS) is spliced between the active fiber and the circulator to dump out the residual pump in the cladding to protect the fiber devices. The active fiber employed in the power amplifier is a 3-m-long polarization-maintained large-mode-area (PLMA) 25/400 (diameter of core/cladding) DC TDF, which is pumped by four 793 nm high-power fiberpigtailed multimode diodes via the PM ð6 þ 1Þ Â 1 combiner. One spare port of the combiner is used to monitor the backward power. The cladding absorption efficiency of this large-mode-area double-cladding active fiber is 2.4 dB/m at 793 nm. Different from the active fiber without cooling in the pre-amplifiers, the PLMA DC TDF is placed in the water cooled heat sink with 12°C and coiled to 11 cm in order to guarantee the beam quality. The output facet of PLMA DC TDF is spliced to a 0.5-m-long precision matched passive fiber via a CMS. The end of the passive fiber is angle cleaved (∼8°) to eliminate the Fresnel reflection on the facet. All-fiber construction of the whole MOPA system enables a free maintenance, robust and high performance operation.
Linewidth Measurement With DSH Method
In practice, the spectral linewidth of an optical signal can be directly measured by an optical spectrum analyzer (OSA). However, the finest resolution of the OSA in 2-m range is limited to 0.05 nm, corresponding to 4 GHz in the wavelength of 1925 nm. Such a low resolution makes it not suitable for the precise measurement of a single-frequency laser with tens of kHz linewidth. Though single-frequency operation can also be verified by using a scanning Fabry-Pérot interferometer (FPI) [8] , it is impossible to obtain the precise value of a single-frequency fiber laser linewidth because the free-space-range and fineness of FPI limit the resolution.
In order to investigate the precise linewidth of TDFA, the DSH method is employed to measure the linewidth of the output signal, as depicted in Fig. 2 [13] . The amplified signal is split into two paths by a fiber coupler. One path is directly sent into the frequency shifted acousticoptical modulator (AOM) operating at 100 MHz. The other path is sent through a spool of SMF28e fiber, providing some delay time. These two paths are recombined via a coupler and then detected by using a 2-m amplified high-speed fiber-coupled photodetector with a bandwidth of > 12.5 GHz (Electro-Optics Technology Inc., ET 5000F). A polarization controller is employed to adjust the detected electrical current, which is amplified by a radio frequency (RF) amplifier and then terminated into an RF electrical spectrum analyzer (ESA) (Agilent Inc., PXA N9030A) to measure the beat signal. Though the measurement of a narrower linewidth can be achieved by increasing the time delay, the length of delay line is determined to be 5 km, considering that the high propagation loss in this kind of fiber is measured to be about 11 dB/km. Since the delay time should exceed the coherence time of laser for DSH method [14] , our system can be 
RIN Measurement System
Although stimulated emission dominates the emission process in a fiber amplifier, there are still a small percentage of photons that generated by spontaneous emission. It is the predominant origin of optical intensity noise that is usually quantified as RIN, which is defined as the ratio of the mean square intensity-fluctuation spectral-density of an optical signal and the average optical power to characterize the intensity fluctuation. In addition, the power spectral density of RIN can be calculated by applying a fast Fourier transform (FFT) to it as [15] RINð!Þ ¼ F
where P is the emitted optical power of signal. P ave is the average optical power. F denotes the Fourier transformation. The symbol h i denotes is either the ensemble or the time average. In general, the optical intensity noise in an optical system is linearly proportional to the signal optical power; therefore, RIN makes it convenient to normalize the intensity noise by using the ratio between the noise power spectral density and the total optical power [15] . To measure the RIN, the fiber laser should operate in a continuous wave. There is no denote that only a DC component can be seen on the RF spectrum analyzer for a fiber laser without any intensity noise. Otherwise, a photocurrent fluctuation introduced by the optical power fluctuation due to the intensity noise will be measured by the RF ESA. Although RIN can be determined by employing optical-correlation technique, it is often measured in the electrical domain via direct detection with RF ESA for convenience [17] . Fig. 3 shows the schematic diagram of RIN measurement system which consists of a variable coupler, a photodetector, an RF amplifier, as well as an RF ESA. The variable coupler is used to adjust the optical power to make the photodetector have the same value. And the RF amplifier is employed to amplify the AC signal received by the photodetector. Then, we can get the intensity and frequency of RIN via the power spectral density displayed on the ESA. 
Results and Analysis
High-Power Single-Frequency PM TDFA
In the MOPA experiment, although the output power of pre-amplifier II can be boosted to 7 W, the signal that incidents to the power amplifier stage is about 1.8 W due to the power limitation of the PM circulator. Fig. 4 shows the power-amplifier output power and backward power as a function of different incident pump power. The output power increases nearly linearly with the increased pump power and reaches 45 W at a pump power of 118 W. The PER is measured to be about 20 dB. The linearly fitted line shows that the optical to optical conversion efficient is 43.3%, which is limited by the length of active fiber (almost 23 W pump power has not been absorbed with a 3-meter-long PLMA TDF) and incident signal power compared with the high slope efficiency achieved in [8] .
It is implied the final power amplifier works below the stimulated Brillouin scattering (SBS) threshold because the backward power increases linearly as the output signal power without any drastic increment [18] . The output spectrum of the final output laser at maximum power from MOPA system is illustrated in Fig. 5 , which is measured by an OSA with a resolution of 0.05 nm (Yokogawa Inc., AQ6375). The central wavelength is at 1925.08 nm, which is the same as the seed. The optical signal to noise ratio is about 50 dB without signs of parasitic lasing or obvious ASE. 
Linewidth and RIN Measurement of High-Power Single-Frequency TDFA
We perform measurements to the Lorentzian line-shape linewidth of signals from the seed, pre-amplifier I at 2 W, pre-amplifier II at 7 W, as well as the power amplifier at maximum power by employing DSH method. As it is depicted in Fig. 6 , we can find out that the linewidth of all the amplified signals are broadened compared with the incident seed owning a Lorentzian 20-dB linewidth about 710 kHz, which corresponds to a 3-dB linewidth about 35 kHz [19] .
In order to investigate the TDFA contribution to the linewidth, the Lorentzian line-shape 3-dB linewidths at different output powers are measured, as illustrated in Fig. 7 . We can find out that the 3-dB linewidth is decreased at first and then is broadened. It is considered that the seed power is high enough to extract the up-level populations so as to suppress the ASE power and increase the ratio of signal to ASE at first. The increase of signal to ASE decreases the 3-dB linewidth. The reason for linewidth-broadening is considered to be the fluctuation of the ASE noise arising from spontaneous emission. Therefore, with the increase of pump power, the ASE generated by the TDFA is accumulated and added to the transmission signal, which decreases the ratio of signal to ASE and leads to the linewidth-broadening. The effect is verified by analyzing the ratio of signal to ASE as a function of output power, as it is depicted in Fig. 7 . It is expected that ASE noise is the predominant origin of linewidth-broadening and phase noise caused by ASE contributes less to linewidth-broadening for single-frequency fiber amplifier [20] . The 3-dB linewidth of the output signal at maximum power is about 56 kHz with the amount of broadening to be about 20 kHz compared with the incident seed.
In the experiment, we also investigate the RINs of the seed, pre-amplifiers and power amplifier at different powers. Fig. 8 depicts the traces for their Fourier transform spectra with two relaxation oscillation peaks from RF ESA. These two peaks in the frequency spectrum are due to the relaxation oscillation of Tm-doped laser short cavity and the transformation from the pump source coupling to the Tm-doped laser. It is found that the high-frequency RIN peak varies with the pump power and the type of the Tm-doped fiber, while the low-frequency RIN peak is only dependent on the pump power. This indicates that the higher and lower frequency RIN peaks are corresponding to the signal and pump source, respectively. A similar assignment for these two peaks has been reported by others in a Tm-doped short-cavity single-frequency fiber laser [21] . As it is depicted in Fig. 8 , the RINs of the seed, the pre-amplifiers, and power amplifier are measured to be −120 dBm/Hz, −108 dBm/Hz, and −90 dBm/Hz with a relaxation frequency at 700 kHz, 640 kHz, and 860 kHz, respectively, and the RIN is below −140 dBm/Hz at frequencies above 3 MHz for all of them.
The relaxation frequencies of the pre-amplifiers have no obvious changes with the increase of the pump power. However, the relaxation frequency of the power amplifier has a large frequency-shift to high frequency compared with the pre-amplifiers. This indicates that the shift of the relaxation frequency peak is mainly due to the change of the upper-state lifetime of the active fiber for the power amplifier, considering that the same active fiber is used in the preamplifiers. It is similar with the relationship of the relaxation frequency as a function of the lifetime of the photon in the laser cavity [22] . Therefore, we can find out that the relaxation frequency has no obvious changes with the increase of the pump power during the amplification process and the lifetime of the active fiber is the main factor to affect the relaxation frequency of the amplified signal in the TDFA.
Conclusion
We investigate the linewidth and RIN of an all-fiber-based high-power single-frequency PM TDFA based on MOPA system, and the maximum output power can be up to 45 W. The DSH method is employed to measure the Lorentzian line shape 3-dB linewidths of output signals at different powers. At maximum output power, the Lorentzian 3-dB linewidth of the output signal is about 56 kHz and is broadened about 20 kHz compared with the incident seed. It indicates in the amplification process that the linewidth of the output signal is decreased due to the increase of the ratio of signal to ASE at first. However, with the accumulation of ASE noise in the amplification, the linewidth of the output signal is broadened due to the ASE noises added to the transmission signal. In addition, the RIN of the power amplifier is measured to be −90 dBm/Hz with a relaxation frequency at 860 kHz. The comparison of the RIN spectrum in each amplification stage shows that the lifetime of the Tm-doped fiber has an influence on the relaxation frequency of the RIN.
